A versatile system has been developed for the measurement under LABVIEW™ control of junction temperatures in a light emitting diode ͑LED͒. Measurements are reported on a commercially available high-intensity InGaAlP LED immersed in liquid nitrogen and driven by currents in the range of 18.5-204 mA. The measured junction temperature has an expanded uncertainty of ±2 K at the 95% level of confidence for temperatures from 70 to 298 K. Using the measured junction temperatures, the junction-to-case thermal resistance of the LED was established as 440 K / W for devices with intact encapsulation and 307 K / W for partial encapsulation. Both the intensity and wavelength of light emitted by light emitting diodes ͑LEDs͒ are affected by the temperature of the junction of the device. Additionally, the lifetime of an LED is reduced if high junction temperatures are sustained.
1
Junction temperatures at high currents are difficult to measure, as commercially available diodes are encapsulated within material of low thermal conductivity, 2 preventing a conventional thermometer, such as a thermocouple, from being brought close to the junction of the device. Methods of determining LED junction temperatures include measuring the shift in emission wavelength with temperature and calibration of the LED junction voltage over a range of predetermined currents using small duty-cycle pulsed currents to restrict self-heating at the junction. 3 The system described in this note utilizes the forward voltage-temperature characteristics of an LED, but avoids the need for pulsed currents at the calibration stage. This results in a more flexible method, as it does not require the current at which voltage measurements are made to be predetermined.
The voltage-temperature relationship of an LED is established at a low ͑sensing͒ current, so that for any given voltage across the LED its junction temperature may be determined. The temperature of the junction is then increased by passing a large ͑heating͒ current through the junction for a fixed period, followed by monitoring the voltage at the sensing current as the junction cools. Using the temperature-time data, it is possible to establish the temperature of the junction at the instant when the heating current was removed.
Measurement of the junction temperatures of an LED at various operating currents was accomplished by calibrating the device under test ͑DUT͒ in a closed-cycle helium cryostat. Prior to calibration, one side of the encapsulation was ground flat to allow for efficient thermal contact with the copper specimen stage in the cryostat. Thermal conducting paste was used between the DUT and the copper block in order to improve heat transfer.
During calibration the voltage across the DUT was recorded as a function of resistance of a Class B Pt100 thermometer, with the current through the DUT set to 10 A. A straight line was fitted to the voltage-resistance ͑V-R͒ data shown in Fig. 1 over the resistance range of 38-110 ⍀ ͑cor-responding to a temperature range of about 120-298 K͒. A quadratic was fitted over the range of 16-38 ⍀ ͑correspond-ing to a temperature range of about 68-120 K͒, in order to account for the nonlinearity in the V-R data over this range.
The junction temperature of the DUT was altered by controlling the current supplied to the device. This current was held constant for 30 s, allowing heat flow from the DUT to approach a steady state, recognized by the plateauing voltage across the diode. The DUT was immersed in liquid nitrogen for the duration of each experiment. Figure 2 shows the circuit used to supply the sensing and heating currents to the DUT and to detect junction voltages. A constant-current source was constructed using a precision operational amplifier ͑OPA277͒ configured as a Howland current source. 4 With the component values shown in Fig. 2 , the sensing current was 10.00 A, with a better than 0.2% stability for loads from 0 to 500 k⍀.
The voltage-controlled heating current was supplied to the DUT by the LM675 power operational amplifier shown in Fig. 2 . This circuit is capable of supplying a current of up to 250 mA with a stability of better than 1% over the range of loads encountered in these experiments. Switching between sensing and heating currents was accomplished using an Analog Devices ADG 453 analog switch.
A National Instruments DAQCard™-6024E interface card was installed into a laptop computer to enable the acquisition of analog signals from the DUT. Digital outputs from the same card were used to control the analog switch. The card incorporates a 12-bit analog to digital converter ͑ADC͒ and has a maximum sampling rate of 200 kS/ s. The maximum range of analog input signals to the ADC was set at 0 -10 V, corresponding to a resolution of 2.44 mV/ bit.
To improve the temperature resolution of the system dur- ing the time interval in which the DUT was cooling, an instrumentation amplifier was used to amplify the difference between the voltage across the DUT and a precision reference voltage ͑−2.5 V͒. The output of the difference amplifier was sampled by ADC1 in Fig. 2 . Subtraction of −2.5 V from the voltage across the DUT ensured that while the DUT was cooling, excursions of the output voltage from the difference amplifier did not reach limits imposed by the dc supply used to power the amplifier. The gain of 5.2 provided by the difference amplifier improved the resolution of junction temperature measurements of the DUT to about 0.18 K.
During calibration, a Class B Pt100 platinum resistance thermometer with a tolerance of 0.56 ⍀ at 73 K was used to determine the temperature of the DUT. 5 Assuming that the probability distribution associated with the tolerance is normal with a 95% confidence interval of 0.56 ⍀, this corresponds to a standard uncertainty, 6 u R = 0.28 ⍀. This uncertainty is an overestimate for temperatures above 73 K, but is useful for obtaining an approximate value for the combined standard uncertainty which is valid over a wide range of temperatures.
Further contributions to uncertainty in resistance, and hence temperature, are due to the stability of the precision voltage reference, the accuracy of the gain of the difference amplifier, and the voltage resolution of the 12-bit ADC used to measure the voltage across the DUT. Combining these uncertainties with that due to the fit of the linear and quadratic equations gives a standard uncertainty in the resistance of u r Ϸ 0.33 ⍀. Summing the uncertainties in resistance due to thermometer tolerance, calibration curves and the system resolution, the combined standard uncertainty is established as u c = ͱ u R 2 + u r 2 = 0.43 ⍀. This corresponds to an expanded uncertainty in temperature of ±2.2 K obtained using the Callendar-van Dusen equation. 7 Control of the current supplied to the DUT and the measurement of the voltage across the DUT were accomplished with the aid of a program written in LABVIEW™. 8 During stage 1 of measurement, a current of 10 A was supplied to the DUT. LABVIEW™ sampled the output of the difference amplifier at 1 ms intervals for 1 s using ADC1. Stage 2 entailed the sensing current being replaced by a heating current, supplied over a 30 s time interval. The voltage across the DUT was monitored at 100 ms intervals during the heating cycle, to establish that it had plateaued rather than to determine the temperature of the junction of the DUT during this time interval. In stage 3, the heating current was replaced by the sensing current and the output voltage of the difference amplifier was sampled at 1 ms intervals for a further 10 s.
As an example of the application of temperature measurements using the system described here, we consider the influence of the LED encapsulation on the temperature reached by the junction of a DUT when supplied with a range of currents. In addition, the rate of cooling is determined when the heating current is removed Measurements of the junction temperature as a function of current were carried out on a TLYD190P GaAlP LED manufactured by Toshiba, with intact encapsulation and the diode immersed in liquid nitrogen. The mass of the LED, including encapsulation, was 1.1 g. The temperature of the DUT was raised by applying currents in the range 18.5-204.0 mA for 30 s. Subsequently, 0.25 g of encapsulation was removed by careful grinding and the measurements of junction temperature as a function of time over the same range of currents were repeated.
The junction temperature was displayed as a function of power ͑i.e., the product of the junction voltage and current͒ 
046107-2
Kirkup, Kalceff, and McCredie Rev. Sci. Instrum. 77, 046107 ͑2006͒ dissipated at the junction, as shown in Fig. 3 . The slope of the curve is equal to the junction-to-case thermal resistance of the device, which is an important parameter in device design. 9, 10 For the LED considered here, the thermal resistance was found to be 436 K / W with intact encapsulation, and 304 K / W with partial encapsulation.
The temporal dependence of heat flow along the metal terminals of the DUT, as well as that through the encapsulation after the heating current is removed, is complex and we have not attempted to model it here. However, inspection of the data suggests that to a first approximation the rate of change of junction temperature is proportional to the difference of the junction temperature and the temperature of the surrounding liquid nitrogen ͑i.e., the temperature change of the junction with time approximately follows Newton's law of cooling͒. To test this assumption, nonlinear least squares was used to fit an equation of the form
to the cooling data obtained after the heating current of 204 mA was switched off, as shown in Fig. 4͑a͒ . T͑t͒ is the temperature of the junction of the DUT at time t, T s =77 K is the temperature of the surroundings, T 0 is the initial temperature of the junction, and is the time constant for cooling. The linearized plots of Fig. 4͑a͒ show that Eq. ͑1͒ is a reasonable model for the initial segments of both cooling curves. The apparently large deviations at lower temperatures are partially a consequence of taking the logarithms of very small values; the absolute deviations from the modeled values shown in Fig. 4͑b͒ are actually greater at higher temperatures, i.e., close to t =0.
The parameters estimated by fitting Eq. ͑1͒ to the data of Fig. 4͑a͒ are shown in Table I .
The near-linearity of the junction voltage of an LED at low currents over a wide range of temperatures means the LED can be readily calibrated as a thermometer. This allows for the study of variation of junction temperature with the current supplied to the junction, or with power dissipated at the junction. In turn, this permits the junction-to-case thermal resistance of the LED to be established. The system described here has been applied to a particular commercially available high intensity LED, though it would be applicable to many types of p-n junctions whose junction voltagetemperature relationships are well characterized. TABLE I. Estimates for parameters T 0 and , and coefficient of determinations, R 2 , for Eq. ͑1͒ fitted to the data in Fig. 4 with I = 204 mA for intact and partial encapsulation of the DUT.
Parameter
Intact encapsulation Partial encapsulation 
